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Classically, organization of the
vertebrate circadian clock was
seen as highly centralized in
specific neural structures. Over
recent years, this view has been
transformed dramatically toward a
more decentralized model with a
number of distinct peripheral tissue
clocks [1,2]. This is particularly true
of zebrafish, where adult tissues
contain autonomous circadian
oscillators, which respond directly
to light [3,4]. Cell lines derived from
24 hour old zebrafish embryos
show the same circadian and light
responsiveness as adult tissue
[4,5]. This raises several questions,
for instance, when do zebrafish
embryos become responsive to
light? By 20–26 hours post
fertilization (hpf), a functional pineal
gland is present, expressing the
photopigment exo-rhodopsin and
producing melatonin [6,7]. Thus,
the pineal appears to be one of the
earliest light-detecting structures in
the embryo. But can embryos
detect light even before early
sensory and neural structures are
formed?
To address this question, we
raised zebrafish embryos in the
dark and then exposed them to
white light (500 m W/cm2) for three
or five hours at different times
during the first day of development.
When examined by RNase
protection assays, a number of
genes showed increased levels of
mRNA in response to light, for
instance the zebrafish homolog of
period 2 (per2) (Figure 1A). This
light induction of per2 might be
involved in resetting the circadian
clock, as previously suggested by
studies on cell lines [5], or may be
important in “kick-starting” the
clock. Another gene of particular
interest, 6-4 photolyase, showed a
strong induction for light treatments
given between 6 and 9 hpf. 6-4
photolyase is related to the
cryptochrome family, and has been
shown to function as a DNA repair
enzyme [8]. The levels of 6-4
photolyase mRNA are high prior to
the onset of zygotic transcription,
suggesting maternal deposition of
mRNA. Later, 6-4 photolyase
appears to become dependent on
light for transcriptional activation,
or mRNA stabilization (Figure 1B).
6-4 photolyase transcript levels are
increased throughout the early
embryo, indicating that most of the
embryonic cells are light responsive
(Figure 1C). Remarkably, this light
response occurs before any neural
or classical light detecting
structures form. In fact, many of the
cells in the early embryo are
undifferentiated and actively
dividing, and yet, gastrulating
embryos can clearly detect light.
In the wild, zebrafish eggs are
laid and fertilized just after dawn.
Consequently, these early embryos
are exposed to light, including UV
radiation, at a time when they are
undergoing DNA replication and
rapid mitosis. Under these
conditions, the risk of DNA damage
is obviously high. A number of
strategies have been employed by
organisms to reduce  damage.
These include use of
photoprotective pigments, such as
melanin and carotenoids, or the
timing of sensitive processes, such
as DNA replication and cell
division, so that they occur in the
night. The latter approach appears
to have been adopted by the
unicellular alga, Chlamydomonas
reinhardtii, which is most sensitive
to UV damage at the beginning of
the night, when nuclear division
occurs [9]. Recent findings in
zebrafish also show that the cell
cycle appears to be “gated” to
occur at particular times of the day
[10]. This clock-regulated timing of
cell division in the larvae may act to
reduce death or DNA damage after
UV exposure. A further strategy is
to “use” the environmental light-
dark cycle to activate UV-
protective systems, such as DNA
repair enzymes. Therefore, we
examined whether light detection
by early embryos and the
subsequent increase in the
transcription of DNA repair
enzymes provides any advantage
for survival. We raised groups of
embryos either on a light-dark
cycle or in constant darkness.
Each group received a short UV
pulse at 7 hpf, and was then
returned to their respective lighting
regimes. Embryos were maintained
in large temperature regulated
water baths and incubators
throughout (25οC) to minimise
temperature fluctuations. On the
second day of development, we
examined the consequences of this
UV pulse. Embryos raised in the
dark showed a high level of
mortality, after a 2 or 5 sec pulse of
5mJ/cm2 of UV-B light (302 nm). In
contrast, matched embryos on a
light-dark cycle survived much
better and showed no increased
death compared to untreated
controls (Figure 1D). Additional
experiments using different lighting
regimes showed that slightly more
animals survived on a light-dark
(LD) cycle than under constant light
(LL) conditions (82.6 ± 3.0% on LD
versus 61.6 ± 8.6% on LL). This
suggests a possible advantage to
development under rhythmic
lighting conditions (see
supplementary data). In embryos
raised in the dark, short light
pulses of 15 min after UV exposure
had little beneficial effect (5.7 ±
2.6%). Light treatment of up to 4
hours is necessary to increase
survival rates (65.7 ± 5.2%), such
that they approach those seen with
complete photoperiods. It is clear
that the ability of gastrula stage
zebrafish embryos to detect light
has a dramatic impact on their
survival, demonstrating a clear
selective advantage to such early
embryonic light sensitivity.
Though photoreactivation and
the use of 6-4 photolyase for DNA
repair is well documented, the fact
that light is used at such early
stages to up-regulate DNA repair
enzymes may have important
ecological consequences. This is
probably particularly true for
species that spawn in shallow
waters, which offer little protection
from solar UV radiation, but do
allow the penetration of visible
light. Which photopigment is
responsible for the embryonic light
response is not yet clear, though
one candidate might be Teleost
Multiple Tissue (TMT) opsin, which
is widely expressed in adults [11].
There are not many examples of
the biological importance of extra-
retinal light detection, or the value
of a functional circadian clock. In
cyanobacteria and Drosophila
melanogaster, it has been shown
that relative fitness increases when
the internal clock matches or
“resonates” with the period of a
particular lighting regime [12,13].
Field studies on the importance of
an entrained circadian clock under
natural conditions and its
importance to survival have rarely
been performed. However, one
particular study on SCN-lesioned
chipmunks shows increased levels
of predation in the absence a
functional clock [14]. Also, as
mentioned above, circadian timing
of UV-sensitive processes can
provide an important survival
advantage in a unicellular alga [9].
Light sensitivity in the very early
stages of zebrafish development
not only leads to an increase in
transcript levels of clock genes,
but also of genes involved in DNA
repair. As a consequence,
embryos at the earliest stages of
development appear to survive
better in the face of UV exposure.
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Figure 1. Light detection by early stage zebrafish embryos improves survival.
(A) A five-hour light treatment given to embryos starting at 5 or 8 hours post fertilization
(hpf) strongly increases the amount of per2 mRNA, a putative clock gene. A tRNA
sample is shown as a control. (B) After three hour light pulses, RNA levels of 6-4 pho-
tolyase were analyzed by RNase protection assays. Levels were high at 6 hpf probably
due to maternal deposition of RNA, but then become strongly light induced or stabi-
lized at 9 and 12 hpf. Equal amounts of total RNA were used per lane (lower panel). (C)
In situ hybridisation against 6-4 photolyase shows light induction throughout the
embryo, thus the majority of embryonic cells appear to be light responsive. (D) Short
UV light pulses were given to embryos raised either on a light-dark (LD) cycle or in con-
stant darkness (DD). The number of surviving embryos was determined on day 2 of
development and compared to untreated controls (n = 8; P < 0.0001).
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